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implicated as one of the major causes of endothelial dysfunction and atherosclerosis. 6,7 Therefore, the inhibition of Rhokinase might be a possible therapeutic option in preventing cardiovascular diseases. 6, 7 Previous studies showed that ezetimibe inhibits intestinal cholesterol absorption and reduces the level of remnant-like particle cholesterol (RLP-C), 8 which is known to enhance Rho-kinase activity. 9 Furthermore, ezetimibe also inhibits absorption of oxidized cholesterol that is incorporated in atherogenic oxidized lipoproteins. 10 In the present study, we thus evaluated whether ezetimibe improves endothelial function and inhibits Rho-kinase activity, in comparison with the effects of pravastatin that showed a similar low-density lipoprotein cholesterol (LDL-C) lowering effect, in humans.
Methods

Study Protocol
The study protocol was approved by the ethics committee of the Tohoku University Graduate School of Medicine and written informed consent was obtained from all subjects. The study conformed to the Declaration of Helsinki and was registered in the University Hospital Medical Information Network (UMIN000002946).
The present single center, randomized, cross-over study was performed at the Tohoku University Hospital in Sendai, Japan. A total of 20 healthy subjects were randomized to receive either ezetimibe (10 mg/day) or pravastatin (10 mg/day) for 4 weeks. After a 4-week washout period, the subjects were switched to take the alternate agent for an additional 4 weeks (Figure 1) . It was confirmed that a 4-week wash out period was enough to restore the pre-treatment condition for both statin and ezetimibe. 11, 12 The participants were requested not to change their life-style behavior including diet and physical exercise during the study period. The study medicines (ezetimibe and pravastatin) were purchased from Bayer-HealthCare Co (Osaka, Japan) and Daiichi-Sankyo Co (Tokyo, Japan), respectively. A venous blood sample was drawn and flow-mediated dilatation (FMD) was measured at 0, 4, 8, and 12 weeks after the randomization. Primary outcomes were the changes in FMD and Rho-kinase activity caused by each intervention and the differences between the 2 treatments. We also examined the relationships between the outcomes and the following parameters: serum levels of total cholesterol (TC), LDL-C, high-density lipoprotein cholesterol (HDL-C), triglyceride (TG), and RLP-C. We also measured cholesterol absorption markers (cholestanol, campesterol and sitosterol), a cholesterol synthesis marker (lathosterol) and the campesterol/lathosterol ratio (CLR), high-sensitivity C-reactive protein (hsCRP) and the homeostasis model assessment of insulin resistance (HOMA-IR).
Study Subjects
Healthy individuals aged ≥20 years old were enrolled in the present study. Individuals who had at least 1 of the following conditions were excluded: (1) a history of receiving lipid-lowering medicines; (2) active diseases; (3) taking any kind of medicines or supplements; (4) former or current smokers; (5) liver and/or renal dysfunction; and (6) eating disorder.
All participants were recruited by posted notices on bulletin boards in the Tohoku University from December 2009 to August 2010. We screened 24 subjects and excluded 4 subjects; 2 subjects for liver dysfunction and dyslipidemia, 1 for a high hsCRP level due to a sinus infection, and 1 for being a current smoker. There were no significant side-effects related to ezetimibe or pravastatin, but 1 subject showed a low LDL-C level (56 mg/dl) at 4 weeks after the treatment with pravastatin and was excluded from the study. Thus, the final analyses were conducted for the 19 subjects who completed the study protocol (Figure 1 ). There were no significant changes in bodyweight, blood pressure or heart rate after each treatment during the study period.
Biochemical Analysis
Serum levels of TC, LDL-C, HDL-C and TG were determined by using enzymatic methods at the central laboratory of the Tohoku University Hospital. Serum was obtained by centrifugation at 1,400 g for 30 min at 4°C and the aliquots were carried immediately to the Special Reference Laboratory Inc., Tokyo, in containers at -80°C for the assays of RLP-C, cholestanol, campesterol, sitosterol, and lathosterol. RLP-C was measured by using the immunoadsorption method (RLP MIXER J-100, Otsuka Electronics, Japan) and cholestanol, campesterol, sitosterol and lathosterol were measured by using a gas chromatograph (GC-17A, Shimadzu, Kyoto, Japan). The HOMA-IR was calculated by using the international formula: fasting glucose (mmol/L)×fasting insulin (mU/L)/22.5. 13
Rho-Kinase Activity Assay
Rho-kinase activity was evaluated by Western blot analysis using circulating leukocytes. 12, 14 The activity was quantified by calculating the ratio of the levels of the phosphorylated myosin-binding subunit (p-MBS) and the total MBS (t-MBS), substrates of Rho-kinase. 12,14 Circulating leukocytes were isolated from blood samples as previously described. 12,14 Cell extracts were loaded on 7.5% SDS-PAGE gel and immunoblotted for the detection of Rho-kinase activity, using rabbit polyclonal anti-phospho-myosin phosphatase 1 (MYPT-1) (Thr696) (Upstate) for p-MBS and mouse monoclonal anti-MYPT1 (BD Biosciences) for t-MBS. 12,14 All Western blot analyses were performed by 1 technician in a blinded manner. Because the bands of p-MBS were not detected in 2 samples, analyses were performed for the remaining 17 subjects.
Measurement of FMD
Examinations of FMD were performed using UNEXEF18G
(UNEX, Aichi, Japan) 15 by 1 trained ultrasonographer in a blinded manner. The subjects were prohibited from diet, exercise, or caffeine/alcohol intake at least 9 h before the examination. The procedure was performed in a quiet, dark, temperature-controlled examination room according to the guidelines of the International Brachial Artery Reactivity Task Force. 16 Briefly, the right brachial diameter was measured at rest after 10 min of bed rest and during reactive hyperemia above the antecubital fossa with a 10-MHz linear array transducer. 16 Reactive hyperemia was induced by inflating a sphygmomanometiric cuff, which is equipped in UNEXEF18G, on the proximal portion of the arm at least 50 mmHg above the systolic blood pressure to occlude arterial inflow for 5 min. Enddiastolic images of the brachial artery were obtained and diameters were measured with R-wave synchronized automated edge-detection software automatically. 15 The values of FMD were calculated with the following formula:
(diameter at peak hyperemia -diameter at rest) / (diameter at rest) × 100. 16
Statistical Analysis
All continuous variables are reported as mean ± standard deviation (SD) unless otherwise stated. We assessed the differences in measured parameters before and after the treatment within each arm using the paired t-test. We also compared the changes caused by each intervention between the 2 arms using an unpaired t-test. The Spearman rank correlation test was used to evaluate the statistical significance in the correlation between the changes in FMD or Rho-kinase activity and those in LDL-C, RLP-C or cholestanol after each treatment. We performed all analyses using IBM SPSS Statistics 18.0 (New York, NY, USA). A 2-sided P value of <0.05 was considered to be statistically significant. Table 1 shows the baseline characteristics of the study sub- Table 2 shows the effects of ezetimibe (10 mg/day) (E) or pravastation (10 mg/day) (P) on lipid profiles after the 4-week treatment. There was no significant difference in the lipid profiles at baseline between the ezetimibe and pravastatin treatment arms. Both ezetimibe and pravastatin caused a comparable extent of reduction in LDL-C after each treatment (E: -25.4% vs. P: -20.8%). A mild but significant reduction in HDL-C was observed in the ezetimibe treatment (E: -5.1% vs. P: +3.0%), whereas there was no significant reduction in TG in either treatment (E: -3.0% vs. P: -9.0%). Ezetimibe reduced RLP-C to a greater extent compared with pravastatin (E: -33.2% vs. P: -14.2%; P<0.05). Both ezetimibe and pravastatin tended to decrease hs-CRP levels, but the changes did not reach statistical significance in either group. HOMA-IR also did not show significant changes after the treatment, suggesting that neither ezetimibe nor pravastatin altered insulin sensitivity during the 4-week study period ( Table 2) .
Results
Baseline Characteristics and Changes in Lipid Profiles, hsCRP, and HOMA-IR
Changes in Cholesterol Absorption and Synthesis
The changes in cholesterol absorption/synthesis markers are shown in Table 2 . Ezetimibe decreased cholesterol absorption markers, such as cholestanol, campesterol and sitosterol levels. Lathosterol, a cholesterol synthesis marker, was increased by ezetimibe, but decreased by pravastatin. Ezetimibe significantly decreased CLR (-41.1%, P<0.001), whereas pravastatin significantly increased it (+36.5%, P<0.001; Figure 2 ). Figure 3 shows the effects of ezetimibe and pravastatin on RLP-C levels. Ezetimibe significantly decreased the RLP-C level (-1.3±0.5 mg/dl, P<0.01), whereas pravastatin was without the effect (-0.5±0.3 mg/dl, NS), and the extent of the reduction was significantly greater with ezetimibe treatment (E: -33.2% vs. P: -14.2%; P<0.05; Figure 3 ). Figure 4 shows the changes in Rho-kinase activity of circulating leukocytes after each treatment. Baseline Rho-kinase activity did not differ significantly between the 2 treatment arms (E: 1.03±0.44 vs. P: 0.97±0.28). Importantly, after the 4-week treatment, ezetimibe significantly inhibited the Rho-kinase activity (-21%, P<0.05), whereas pravastatin was without the effect (+6.2%, NS). Figure 5 shows the effect of ezetimibe and pravastatin on FMD. No significant difference in baseline FMD was observed between the 2 treatment arms (E: 6.8±2.6% vs. P: 7.5±2.1%). FMD was significantly improved by ezetimibe (+25.5%, P<0.05), whereas pravastatin was without the effect (+4.1%, NS).
Changes in RLP-C
Effect of Ezetimibe and Pravastatin on Rho-Kinase Activity
Effect of Ezetimibe and Pravastatin on FMD
Correlations Between LDL-C, RLP-C, Cholestanol, Rho-Kinase Activity, and FMD There were no significant correlations between the changes in Rho-kinase activity and those in LDL-C, RLP-C, or cholestanol level after the treatments (Figures 6A-C) . Similarly, no Figure 2 . Changes of the campesterol/lathosterol ratio before and after a 4-week treatment with ezetimibe (10 mg/day) or pravastatin (10 mg/day). A higher level reflects increased cholesterol absorption. (Figures 6D-E) . Importantly, however, there was a significant correlation between the changes in FMD and those in cholestanol levels ( Figure 6F) . No significant correlation was noted between the changes in FMD and those in Rho-kinase activity ( Figure 6G) .
Discussion
In the present study, we were able to demonstrate that the treatment with ezetimibe (10 mg/day for 4 weeks) significantly inhibited the Rho-kinase activity of circulating leukocytes in healthy subjects and that the ezetimibe treatment significantly enhanced FMD, where the changes in FMD were significantly associated with those in the serum cholestanol level, a cholesterol absorption marker. These results suggest that ezetimibe has novel anti-atherogenic effects associated with its inhibition of cholesterol absorption, which could explain, at least in part, the beneficial effects of the agent in the SHARP trial. 4
Effects of Ezetimibe on FMD
In the present study, ezetimibe significantly improved FMD in healthy volunteers. Because FMD has been demonstrated as an established surrogate marker of endothelial function, 16-18 the beneficial effect of ezetimibe on endothelial function might exert anti-atherogenic effects in humans. In contrast, pravastatin did not significantly improve FMD, although both treatments caused a comparable extent of LDL-C reduction in the present study. We consider that the difference in the effect on endothelium function between ezetimibe and pravastatin was mainly caused by the difference in the alteration in cholesterol absorption/synthesis status as follows.
In the present study, we evaluated the cholesterol absorption/synthesis status by examining the surrogate markers, cholestanol and plant sterols (campesterol, lathosterol and sitosterol) levels, as it is difficult to directly examine the cholesterol absorption/synthesis status in humans. Interestingly, we noted the significant correlation between the change in FMD and that in cholestanol level, a cholesterol absorption marker. Cholestanol is the 5α-saturated derivative of cholesterol and serum cholestanol levels usually remain constant. 19 The cholestanol production is generally at a low level (<20 mg/day), 19 and serum cholestanol is absorbed from the gut in humans. 19, 20 It was reported that in middle-aged normal males, high levels of serum cholestanol reflect the status with high cholesterol ab- Figure 4 . Rho-kinase activity of circulating leukocytes before and after a 4-week treatment with ezetimibe (10 mg/day) or pravastatin (10 mg/day). p-MBS, phosphorylated myosin-binding subunit; t-MBS, total myosin-binding subunit. 
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sorption and low cholesterol synthesis. 21 Thus, the serum cholestanol level has been used as a surrogate marker of cholesterol absorption. Indeed, it was previously reported that the baseline serum cholestanol level is the predictor of recurrent coronary events in patients with coronary artery disease. 22 In the present study, CLR as a marker of cholesterol absorption/synthesis status, 21 was also decreased by ezetimibe but was rather significantly increased by pravastatin. It was previously shown that ezetimibe inhibits the absorption of dietary oxidized cholesterol and reduces its incorporation into lipoproteins. 10 Although the direct assay of atherogenic cholesterols, such as circulating oxidized cholesterol, was not performed in the present study, it is highly possible that ezetimibe improved endothelial function through inhibition of atherogenic cholesterol absorption in the intestine.
The present study results are in contrast to those reported by Landmesser et al, as they reported that simvastatin (10 mg/day for 4 weeks) significantly improved FMD, whereas ezetimibe was without the effects in chronic heart failure patients. 23 It should be noted that they enrolled patients with established heart failure and lower LDL-C levels (simvastatin group, 106± 8 mg/dl; ezetimibe group, 109±6 mg/dl), whereas we enrolled normal volunteers in the present study. Furthermore, simvastatin is a lipophilic statin that has a more potent LDL-C lowering effect compared with a hydrophilic statin, pravastatin.
Possible Mechanisms of Rho-Kinase Inhibition by Ezetimibe in Humans
In the present study, ezetimibe significantly inhibited the Rhokinase activity of circulating leukocytes in healthy volunteers, independent of LDL-C. It was reported that the Rho-kinase of circulating leukocytes is the primary determinant of leukocyte recruitment to the vessel wall and is the critical mediator of neointimal proliferation following vascular injury. 24 Thus, the inhibitory effect of ezetimibe on Rho-kinase activity might be one of the important mechanisms of its anti-atherogenic effects.
We consider that the possible mechanism of the inhibitory effect of ezetimibe on Rho-kinase activity involves, at least in part, the reductions in serum atherogenic cholesterols. Indeed, in the present study, the extent of the reduction in serum RLP-C level was significantly greater by ezetimibe compared with pravastatin. We have previously demonstrated that RLP-C enhances Rho-kinase activity in the coronary artery both in vitro and in vivo. 9 Thus, the reduction in RLP-C by ezetimibe might also exert a beneficial effect on endothelium function. In the present study, ezetimibe significantly reduced serum levels of circulating plant sterols (campesterol and sitosterol), biomarkers of cholesterol absorption, and increased those of lathosterol, a marker of cholesterol synthesis. It also was reported that increased serum levels of cholesterol absorption were significantly associated with cardiovascular diseases in the Framingham Offspring study. 25 In the present study, however, no significant correlation was noted between the changes in Rho-kinase activity of circulating leukocytes and those in lipid profiles, but a significant correlation was noted between improvement of endothelial function and the extent of inhibition of cholesterol absorption. These findings could be explained by the fact that the baseline levels of RLP-C and plant sterols in the present normal volunteers were much lower than in patients with atherosclerosis, 9,26,27 which could have masked the association between atherogenic cholesterols and Rho-kinase activity. Furthermore, Rho-kinase activity could be upregulated not only by RLP-C or plant sterols but also by other mechanisms (eg, angiotensin-II and IL-1β). 28, 29 The present study findings might be in contrast to those reported by Liu et al, where they found in patients with dyslipidemia that simvastatin (40 mg/day for 4 weeks) significantly improved endothelial function and inhibited the Rhokinase activity of circulating leukocytes, whereas ezetimibe (10 mg/day for 4 weeks) was without the effect. 30 Although the reason for the discrepancy between the present study and that by Liu et al remain to be elucidated, it is conceivable that the different dose of statins (pravastatin 10 mg/day vs. simvastatin 40 mg/day), the different study subjects (normal volunteers vs. patients with dyslipidemia) and the carry-over effects of statins in patients with cardiovascular diseases 31 might be involved.
Study Limitations
Several limitations should be mentioned for the present study. First, in the present study, we only enrolled normal healthy volunteers and thus the present study findings remain to be confirmed in patients with dyslipidemia and/or cardiovascular diseases. Furthermore, we cannot exclude the possibility that non-healthy subjects were included in the present study population. Second, we only examined the 4-week treatment with ezetimibe or pravastatin and the longer period of treatment would have provided more definite effects of the agents, especially on lipid profiles and endothelial function. Finally, we did not directly measure serum levels of atherogenic cholesterols, and the direct measurement of those profiles would reveal more detailed aspects of the anti-atherogenic effects of ezetimibe.
Conclusions
In the present study, we were able to demonstrate that ezetimibe improves endothelial function and inhibits Rho-kinase activity in humans, suggesting novel anti-atherogenic effects of the agent. The present study findings also suggest that the beneficial effect of ezetimibe is mediated by its inhibitory effects on absorption of atherogenic cholesterol.
